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EXPERTMENTAL CONSTRICTION EFFECTS TN
HIGH-SPEED WIND TUNNELS
By Robert W. Byrne

SUMMARY

An Investigation has been conducted to determine the
posslible extent of effects of wind-tunnel constriction
at high speeds for airfolls of varlous thickness-to-chord
ratios at or near zero 1lift. The results indicate that
a limiting test Mach number exlsts which is principally
a functlon of the ratio of model thickness to tunnel
height. At high Mach numbers serious constrliction effects
occur; these effects are of such a nature that the standard
calibration methods gl ve speeds much lower than the actual
teat speeds.

INTRODUCTION

Considerable theoretical work has been done on low-
speed wind-tunnel-wall interference, and ordinary con-
striction corrections have been applied to wind-tumnel
results at low speeds. Iittle is known, however, about
the tunnel-wall effects for speeds at or greater than
the model critlical speeds. An investigation has there-
fore been made in the Langley 2ljj>inch high-apsed tunnel
to determine the possible increase in magnitude of con-
striction effects at high speeds and the limitation on
the maximum speed at which a model could be tested.

In this Investigatlion, the Mach numbers existing at
the test-sectlon walls of the tunnel along a line parallel
to the tunnel axis and opposite the midspan of the model
were measured to provide comparison with the standard
callbrated static-pressure orifices used for speed deter-
mination. The measurements were made with the tunnel
empty and with several models of varying size and thick-
ness ratlo installed in the test section. The range of
Mach numbers extended from O.li to the maximum Mach
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numbers obtainable with most of the models. All measure-
ments were made for 1lift coefficlents of the modsel at or
near zero.

APPARATUS AND METHODS

The five alrfoll sectlons tested were the NACA 16-106,
the NACA 16-215, the NACA 16-130, snd the NACA 0012 air-
foll sections wlth 5-inch chords and the NACA 0012 airfoil
sectlon with 2-inch chord. In the present tests,the
circular test section of the Langley 2, -inch high-apeed
tunnel (reference 1) was modified by flats, which reduced
the span of the model to 18 inches, as shown in figures 1
and 2. The models spanned the test section between the
flets and passed through holes in the flats. These holes
were of the same shape as the model but were cut to pro-

vide a-%;—inch clearance completely around the model,

which was supported externally on the Langley 24-inch high-
speed=-tunnel balance. (See fig. 1l(a).)

Mach numbars at the wall were determined from measured
values of the total pressure and from pressures measured
by statlic-pressure orifices located 1n the tunnel wall
in the plane of symmstry of the model. Free-stream Mach
numbers were determlined from measured values of the total
pressure snd from pressures measured by calibrated static-
plaete orifices located upstream of the test section. The
orifices, located as shown in figure 2, were comnnected
to a photorecording multiple-tube manometer.

The models were tested over a speed range from a
liach number of 0.l to the highest Xach numbers of the
tunnel, the top speeds varying with the size of each
model. All airfoll models were tested at an angle of
attack of 0° which, for the low-cambered alrfoils used
In this investigation, was at or near the zero-lift
condition.

RESULTS

For presentation of the data obtained from the
present tests, the followlng symbols are used 1ln thls
peport: .
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't* "' profile- thickneas. of model

h mesn helght of tunnel obtained by dividing tunnel
area by model spen :

MI Mach number at test section indicated by calibrated
static~pressure orifices located upstream of
test section

My Mach number indiceted by statlc-pressure orifices
in wall of teat sectlon in plane of symmetry of
model

Mcr oritical Mach number

The longltudinal Mach-number gredlents along the
tunnel wall, with and without e model installed, are
shown in figure 3 together with the Mach numbers indi-
cated by the calibrated static-pressure oriflces M:.

All values of Mach number were determined by the usual
mathods from measured values of the statlc pressure and
the total pressure. The flagged test polnts are for
measurements at the rear wall,

The variation in the maximum i:ach number at the
tunnel wall opposlte the model with the indicated Mach
number for varlous ratios of model thickness to tunnsl
height is shown in figure l. The meximum indlcated Mach
numbers are shown 1in figure 5.

DISCUSSTION

The determination of speed in wind-tunnel test sec-
tions 1in all normal operations is made from measure-
ments of the pressure at callbrated static-pressure
orifices rlaced far enough upstream of the model to be
uninfluenced by the pressure fleld of the model. (Calibra-
tlons of the ststlc-pressure oriflces are usually made
with the tunnel empty. For tunnels of the type described
in reference 1, the prressures indicated by the callbrated
statlic-pressure orifices are a measure of the total mass
flow through the test section (if constant values of
temperature and pressure in the atmosphere, from which
the air in the tunnel is drawn, are assumed). The maximum
mass flow 1s obtained when a Mach number of 1.0 1is
reached at the throat. If the area.of the throat of
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any glven wind tunnel 1s decreased while the Mach number
at the throat 1s maintalned at 1.0, the indicated spesd
will decrease. A model placed in a wind tunnel thus
producses a reduction in the throat area and, consequently,
changes in the tunnel callbration.

The basic data of thils investigation (fig. 3) show
that with the tunnel empty the largest varlatlion in Mach
~number occurred at top speed and was approxirately 0.5 per-

cent of the free-stream value. With a model in the tunnel,
no apprecliable gradlent occurred along the tunnel wall
until some value of the 1ndlcated Mach number greater than
the crlitical Mach number of the model was reached. At
any speed between the critical Mach number and the highest
Mach number obtainable in the tunnel, a tunnel-wall gradient
appeared (fig. %), the magnitude of which increased rapidly
as the maxlmum indlicated Mach number was approached. Force-
test results obtalned at or near the highest speeds reached
in this Investigation might be sublect to errors caused by
the large magnitude of the axlal-pressure gradients.

The highest speeds obtalnable 1n tests of the
NACA 16-106 airfoll section with S5-inch chord and the
NACA 0012 airfoil section with 2-inch chord were limited
because of an effectlive constriction that occurred down-
stream of the model at the intersection of the test sec-
tion and exit cone where regions of local sonlc veloclty
occurred.

As the maximum speed was approached, a rapid increass
In the dlifference between the maximum Mach number at the
wells opposite the model and the 1indicaeted Mach number
resulted, as shown in figure ;. Data taken for the NACA
16-series airfoils and for the NACA 0012 airfolls with
2=-inch ard 5-inch chords, when consldered separately,
show that this difference 1a princlpally a functlion of
the ratio of model thickness to tunnel height.

The relative positions of the curves in figure L,
from left to right, correspond in general to decreasing
ratlos of model thickness to tunnel helight and, therefore,
suggest that the 1limiting test or indicated Mach number
and constriction effects are determined princlpally by
the throat restriction, as expressed by t/h. Fundamental
conslderatlions based on the one-dimensional or nozzle
theory, which neglects the effects of model 1ift (epproxi-
rmately zero in the experiments reported herein) and the
effects of the pressure fleld of the model also show that
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..the 1limiting test Mach number 1s a function of the area
restricted. The- theoretical limiting test Mach number -
that 1s, the indicated Mach number - for which .a Mach _
number of 1.0 is obtained at the test sectlion, has been
calculated accordingly from the foregolng assumptions and
18 shown in figure 5 as a furiction of the ratio of model
thickneass to tunnel heilght.

The experimental values for the thicker alrfolls
gave maxinmum wall Mach numbers opposite the model, which
were slightly less themn 1.0, as seen in figure 3. A
Mach number of 1.0 may have been reached, however, at
some point between the orifices and, because of the
nearly vertical slopes of the curves in figure l., the
highest Indilcated test speeds obtalned in these tests
may be assumed to be the actual limliting speeds obtaln-
able for these airfoils. For the two thinner alrfolls,
the maximum obtalinable speed was determlned by the down-
stream constriction and the 1lim! ting speed was therefore
obtained by extrapolation, as shown in figure L. The
values of the indicated Mach number obtained for the
various models at these polnts heve been plotted in fig-
ure 5 and the points fall very nearly on the curve.

The experimentel results thms 1ndicate that, for a
glven ratio of model thickness to tunnel height, the
1lImi ting test Kech number 1s given by the theoretlcal
curve of flgure 5. Since the flow 1s essentially one
dimensional only at the 1limiting Mach number, for which
condition a Mach number of 1.0 exlsts across the whole
flow betwesen the model end the tunnel walls, 1t can be
seen that the one-dimensional theory can give approxi-
mate values of only the 1limiting test Mach number and
cannot glve proper corrections to high-speed wind-tunnel
results at Mach numbers below the 1limlting test Mach
number. '

In the actual case, when a Mach number of 1.0 1s
reached at any polnt in the test section - for example,
at a point In the pressure fleld of the airfoil - the
stream tube passing through that polnt has its minimum
area and maximum mass flow. An increase in the general
mass flow would thus produce increases of speed at
edjacent regions and actual expansion of the stream
tubes in which a Mach number higher than 1.0 is reached.
These conditions will rapidly lead to the establishment
of a Mach number of 1.0 across the whole flow at the
throat of the tunnel.

-
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Evidence of this quick bullding up to sonlo speeds 1s
shown by the rapldly 1lncresassing slopes of the curves in
flgure and the increase in the values of the axial
pressure gradlents in flgure 3 as the speeds were
increased from the c¢ritical Mach number of the alrfoil
to the limiting test MNach number.

An additional observation can be made from the
results of this Investigation. If one or more model-
support struts are used vwvhen testing is at high speeds,
constrictlion effects wlll probably be encountered at :
lower speeds than 1f struts are not used; these effects
may produce cheanges of alr-flow direction 1f the struts
are unsymmetrically disposed to the alr stream.

CONCIUDING REWMARKS

Serious constriction effects occur in wind tunnels
et high espeeds. One effect 1s that the Indicated speeds
obtained wlth models installed in the tunnel correspond
to higher speeds than the speeds found with the tunnel
empty. The magnitude of' the dlifference between indicated
spveed and actual speed, when the airfoll 1s at or near
zero 1lift, depends upon the values of speed, of ratlo of
model thickness to tunnel heilght, and of critical speed
of the model. As the speeds reach the 1limiting speed,
force-test results obtalned mey be subJect to error, as
1s Indicated by the extent of the axial-pressure gradients
encountered. A limlting sveed for the tunnel willl exist
corresponding to an indicated ¥ach number less than 1.0,
for which case sonlc velocltles extend from the model to
the tunnel wall. The limiting test Mach number 1s in
reasonable agreement with the Mach number indicated by
the one-dimensional or nozzle theory.

Langley Memorial Aeronautical Laboratory
Natlonal Advisory Committee for Aeronautlics
Langley Fleld, Va,
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(a) Test section, access door removed.

(b) Test section, downstream view. QN

Figure 1.- Airfoil model mounted in modified test section
of the Langley 24-inch high-speed tunnel.
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